The surfaces of getter materials are particularly difficult to analyse because of their high chemical reactivity. The results obtained can be strongly influenced by the experimental setup and procedures. In this paper the experimental influence on the Auger electron spectroscopy results is discussed, based on the measurements of more than 100 different non-evaporable getter (NEG) materials.
INTRODUCTION
In the context of the development of non-evaporable getter (NEG) thin film coatings for use in the Large Hadron Collider (LHC) at CERN, Auger electron spectroscopy (AES) has been applied to analyse the NEG activation process. In the present study, NEG composed of the elements Ti, Zr and V have been investigated, which choice is justified in reference 1.
Surface analysis by electron spectroscopy allows to follow the variation of the surface composition during the NEG activation process. Both, AES and XPS have been used for various studies of bulk getters [2] [3] [4] [5] and also to monitor the activation of TiZrV NEG thin film coatings [6] [7] .
However, getter materials are notoriously difficult to analyse because of their chemical reactivity (sticking factors for residual gas molecules like CO and CO 2 on activated getter surfaces are close to unity [8] ). Hence, in order to draw useful conclusions from surface analysis of NEG it is important to ascertain whether the observed surface modifications are related to the intrinsic properties of the NEG material or if they are caused by the surface analysis procedure.
On the basis of the experimental results from the analysis of more than 100 NEG samples of different composition and shape the characteristic changes which occur in the Auger electron spectra during NEG activation are described in this article. The origin of all characteristic peak changes is discussed and the possibility of instrumental artefacts is considered. The AES results are compared with complementary XPS measurements.
EXPERIMENTAL

The samples
The different NEG thin films have a thickness of approximately 1 µm and are deposited onto stainless steel 316LN by magnetron sputtering. Scanning electron microscope images show that the coatings are smooth at a microscopic scale and not porous. For more information about the NEG thin film coatings see reference 1.
After deposition the thin film samples are exposed to air for about 1 h before they are introduced in the UHV system of the Auger electron spectrometer. About 100 samples with the standard sample size of 10 mm x 14 mm x 1 mm have been analysed and in addition 3 samples with the dimensions 40 mm x 50 mm x 1 mm have been investigated in order to test the influence of the sample mounting on the AES results.
The St 707 bulk getter alloy [9] , commercially available from SAES getters, consists of Zr-70, V-24.6 and Fe-5.4 per cent by weight. The alloy is in the form of powder, which is pressed onto a constantan strip. In contrast to the NEG thin films this NEG material exhibits a deliberately rough and porous surface. A sample with the dimensions 14 mm x 10 mm has been cut from a NEG strip.
Surface analysis
All presented AES measurements are performed with an instrument that is described in detail in reference 10. The Auger electron spectrometer consists of a single-pass cylindrical mirror analyser (CMA) PHI 15-110B, from Physical Electronics, with a coaxial electron gun.
The spectra are acquired in the direct EN(E) mode with a relative energy resolution ∆E/E of 1.2 % (full width at half-maximum). The primary electron (PE) energy is 2.5 keV and the primary beam current is typically 1 µA, incident normal to the sample surface. The PE beam diameter is approximately 0.15 mm and the electron dose, which is accumulated during the acquisition of one AES measurement lasting 1 min, is of the order of 10 -3 C mm -2 . After each measurement the sample is shifted to a new position, which was not previously exposed to electron irradiation, in order to minimise the electron induced surface damage.
All direct EN(E) spectra are normalised to the same background intensity value at 600 eV kinetic energy prior to peak intensity measurements in order to eliminate the influence of instrumental parameters such as fluctuations in beam current and detector efficiency. The derivative dEN(E)/dE spectra are smoothed by a moving average over 2 eV.
Peak-areas are calculated from the direct spectra by subtracting, as a crude approximation, a linear background (between 499 -518 eV, 200 -285 eV, 174 -186 eV and 81 -98 eV for O-KLL, C-KLL, Cl-LMM and Zr-MNN peak areas, respectively). The Zr-M 45 N 1 N 23 peak at 92 eV is chosen for peak intensity measurements because it is the Zr Auger peak which is least affected by changes in oxidation state [2] and due to the low kinetic energy it is also the most surface sensitive peak.
On identical TiZrV coatings the Cl-LMM intensity was compared with the Cl 2p signal. XPS measurements are carried out with a PHI ESCA 5400 instrument. The PHI model 10-360 spherical sector electron spectrometer is operated with fixed pass energy (fixed analyser transmission mode) and the transmitted electrons are detected with a position sensitive detector. A non monochromated Mg K α X-ray source (hf = 1253.6 eV) is used to excite photoelectrons. The spectra are acquired at 40° emission angle (relative to the sample normal).
Prior to the measurements presented the binding energy scale has been calibrated using the Au 4f 7/2 and Cu 2p 3/2 binding energies of in-situ sputter-cleaned Au and Cu samples.
Heat treatments
Sample heating in the surface analysis systems is achieved by radiation from a hot filament and the sample plate temperature is measured by a thermocouple. The sample heater has been designed in order to allow sample temperature measurements with an estimated accuracy of ± 3 °C. Therefore, the samples are tightly clamped to an OFE copper sample plate by means of four screws so that a good thermal contact between sample plate and the samples is assured. Two different sample mountings a and b have been used in the Auger electron spectrometer, which schematic view is shown in Figure 1 . For XPS measurements the sample mounting a was used.
1) Two samples, with the dimensions 14 mm x 10 mm x 1 mm each, are clamped to the heatable OFE copper plate by means of a copper mask, which partly covers the sample surface. For some measurements the copper mask has been entirely coated on both sides by a TiZrV thin film.
2) One sample with the dimensions 50 mm x 40 mm x 1 mm is directly fixed to the sample plate by means of four screws.
The rate at which the sample temperature is raised up to the chosen value is about 10 °C min -1 . The surface analysis measurements are carried out as a function of heating temperature, which is kept constant during 1 h, or as a function of heating time at constant temperature.
The UHV system of the Auger electron spectrometer is pumped by a combination of a turbomolecular pump and sputter ion pumps. In addition a Ti sublimation pump with an estimated effective pumping speed in the order of 1000 l s -1 for N 2 has been installed in order -4- to reduce the residual gas contamination during sample heating. Compared to the global pumping speed of the system the pumping speed of the activated NEG samples is negligibly small. The total base pressure in the vacuum chamber of the Auger electron spectrometer before sample heating is 10 -7 Pa (N 2 equivalent), H 2 being the dominant gas followed by water vapour (∼ 2⋅10 -8 Pa). During sample heating the total pressure in the experimental vacuum chamber increases to about 5⋅10 -6 Pa at 350 °C, again with H 2 as the main gas followed by H 2 O (∼ 5⋅10 -7 Pa) and CH 4 (∼ 5⋅10 -7 Pa). The partial pressures of CO and CO 2 during sample heating at 350 °C are in the order of 10 -7 Pa.
RESULTS
Variations in the Auger spectra during the NEG activation process
The surfaces of all NEG samples are first analysed in the as-received state and then after in-situ heating for 1 h at a given temperature. The direct and derivative Auger electron spectra of a TiZrV thin film coating are shown in Figure 2 and those of a St 707 bulk getter are shown in Figure 3 .
The elements detected on the as-received TiZrV surface are Zr, V and Ti together with C and O. During the heat treatments chlorine appears while oxygen vanishes almost entirely (the peak at the O-KLL position, which remains after 300 °C heating, is partly attributable to V, which V-L 3 M 45 M 45 peak overlaps with the O-KLL peak).
The C-KLL and Zr-MNV peak shapes change strongly when the oxidised metal surface becomes progressively metallic.
Similar changes as those observed on NEG thin film coatings are observed in the Auger electron spectra of the St 707 bulk getter but in this case they occur at higher temperatures. In the following, each characteristic Auger peak change is described in detail.
Oxygen peak intensity variation
The degree of activation of different NEG samples can be assessed from the O-KLL intensity evolution with heating temperature. In Figure 4 it can be seen that the various NEG films with different composition exhibit different kinetics for the reduction of the surface oxide. From the slope with which the O-KLL intensity decreases in the temperature interval 160 -200 °C materials with a low activation temperature can be clearly distinguished from materials with a higher activation temperature.
Zirconium peak shape changes
Apart from the oxygen peak decrease, the oxide reduction during the thermal treatment is also indicated by metal peak shape variations. Zr-MNV peak shape variations [2] during the NEG activation process are clearly resolved by the Auger electron spectrometer used (see Figure 5 ).
The Zr-MNV Auger peak component at 141 eV is characteristic for Zr in ZrO 2 . During the ZrO 2 reduction the peak component at 147 eV increases with respect to the 141 eV component. On the Ti-24, Zr-54, V-22 atomic per cent NEG thin film strong Zr-MNV peak shape variations occur already after 1 h heating at 160 °C.
Carbon peak intensity and shape variation
For the measurement of the C-KLL peak intensity it is essential that this is defined as the peak area in the EN(E) spectra because strong C-KLL line shape changes occur during the NEG activation. In Figure 6 it can be seen that the measurement of the peak-to-peak (p-t-p) height would result in an important overestimate of the C-KLL peak intensity when the adsorbed hydrocarbons are transformed into carbide. The depletion of the carbon signal after 1 h heating at 300 °C can only be detected when measuring the C-KLL peak area.
The typical evolution of the C-KLL intensity (peak area) obtained for samples mounted on heater assembly a is compared in Figure 7 with that obtained when using heater assembly b. A strong C-KLL intensity increase is always observed after 1 h heating at 120 ºC when using heater assembly a, while using heater assembly b this C-KLL increase does not occur.
In a further experiment the copper mask of heater assembly a, which partly covers the edges of the 14 mm x 10 mm samples, has been entirely coated by a TiZrV NEG thin film. Also using this NEG coated mask a strong C-KLL increase during the 1 h 120 °C heat treatment was observed on the NEG samples.
In some cases a fully activated NEG sample was exposed to air without dismounting it from the sample holder and then it was activated a second time. During the second in-situ NEG activation the C-KLL intensity remained almost unchanged low during the entire heating cycle, regardless which sample mounting was used.
Chlorine peak intensity variation
In Figure 8 the Cl-LMM intensity variation as a function of heating time at constant temperature on various TiZrV coatings with identical composition is shown. It can be seen that the Cl-LMM intensity increases with heating temperature and time. At temperatures up to 250 °C the Cl-LMM intensity shows an approximately linear increase with the square root of the heating time, as expected for surface segregation of impurities controlled by bulk diffusion. At 300 °C the Cl-LMM intensity deviates strongly from the √t dependency.
In the present study Cl has been detected on all activated NEG samples. The lower the activation temperature the lower is the temperature at which Cl occurs on the NEG surface. On the St707 surface Cl appears after 1 h heating at 300 °C (see Figure  3 ).
Identical TiZrV and ZrV NEG thin films, which followed the same thermal treatment, were analysed by AES and XPS. A comparison of the results obtained showed that after NEG activation Cl is easily observed by AES while it could not be detected by XPS.
The influence of residual gas exposure
The influence of the residual gas in the surface analysis instrument on the NEG surface has been estimated by measuring the surface composition of a sputter-cleaned Zr thin film as a function of residual gas exposure duration in the Auger electron spectrometer.
In particular the amount of oxygen increases strongly during the residual gas exposure, while the C-KLL peak intensity is much less affected (see Figure 9 ). After exposing a sputter-cleaned Zr sample during 26 h to the residual gas of the Auger electron spectrometer -6- the O-KLL peak intensity is about 70 % of the O-KLL signal which is measured on a freshly deposited Zr film after an air exposure lasting 1 h.
Variations in the Auger electron spectra during electron irradiation
Continuous PE irradiation influences the Auger peak intensities of the elements detected. The effects described here occur at doses higher than 10 -3 C mm -2 , which is the minimum dose required for the acquisition of one Auger electron spectrum with the instrument used.
! Oxygen
Electron irradiation reduces the native oxides which are present on the air exposed NEG surfaces. After an electron exposure of about 10 -2 C mm -2 the oxygen peak intensity is reduced by about 15 % with respect to that obtained after an electron exposure of 10 -3 C mm -2 (see in Figure 10 ). The oxygen signal decrease is consistent with simultaneous Zr-MNV peak shape changes, indicating the reduction of ZrO 2 [11] .
When CO 2 is injected in the analysis chamber during the PE irradiation of an air exposed NEG, the rate with which the oxygen intensity decrease occurs is significantly reduced. This shows that the oxygen intensity detected is the result of a simultaneous desorption and adsorption process [11] .
! Carbon
The C-KLL intensity on a saturated NEG surface increases with PE irradiation time. This increase is negligibly small for irradiation times of a few minutes and at CO and CO 2 partial pressures below 10 -7 Pa. However, when either CO or CO 2 is present in the residual gas at a pressure of 10 -5 Pa, electron stimulated adsorption takes place with a significant rate (see Figure 10 ). The C-KLL intensity on the air exposed TiZrV surface increases by about 30 % within 3 min of PE irradiation at a CO 2 pressure of 10 -5 Pa.
! Chlorine
In the present study chlorine is the element which is most sensitive to electron irradiation. As already shown [12] the sample temperature influences the effectiveness by which Cl is removed from the irradiated surface. Only 2.5 min of electron irradiation following the first AES measurement reduce the Cl intensity by a factor of 5 and 1.5 at 270 °C and at room temperature, respectively (see Figure 11 ).
AES measurements reported in this article were carried out on hot samples (except those of the as-received samples) and the amount of Cl present on the surface is thus significantly reduced by the PE dose needed for the acquisition of one Auger electron spectrum.
DISCUSSION
Definition of activation temperature in electron spectroscopy
The definition of the NEG activation temperature depends on the way it is evaluated. It may be for instance defined as the temperature to which the NEG must be heated for a certain time in order to provide a specified pumping speed.
When using solely analytical methods for characterising a NEG another definition of activation temperature is needed. For this purpose the temperature at which the surface oxides start to convert into metallic state is defined as the onset temperature for activation and the temperature at which this process is completed is called completion temperature [3] . Accordingly, these terms are used throughout this discussion in order to compare the onset and the completion of NEG activation as observed by AES.
4.2
The NEG activation as observed by AES
The decrease of the O-KLL intensity, Zr-MNV and C-KLL peak shape changes, and the appearance of Cl on the surface during the NEG activation are characteristic changes in the Auger electron spectra of all NEG materials investigated in this study.
In the following the origin of these Auger peak variations during the NEG activation is discussed and the possibility of instrumental artefacts is considered. Possible instrumental influences are due to the residual gas composition, the sample mounting and heating procedure and the PE irradiation.
NEG oxide reduction monitored by metal peak shape changes
Monitoring changes of the Zr-MNV peak shape is a sensitive method for determining the onset temperature of NEG activation. For this purpose the ratio R Zr between the intensity of the metallic Zr peak at 147 eV and the Zr peak at 141 eV has been defined as a criterion for the degree of NEG activation [6] .
The R Zr criterion is very sensitive to the initial stages of surface reduction. The metallic component of the Zr-MNV line appears as soon as some oxygen vacancies make available some Zr 4d electrons [13] and, therefore, the 147 eV peak appears much before the surface has a completely metallic character.
Because of its high sensitivity to the initial reduction of ZrO 2 the Zr-MNV peak shape is ideally suited for determining the onset temperature of different Zr containing NEG materials. An advantage of the R Zr criterion over O-KLL intensity measurements for the assessment of the degree of NEG activation is that the calculation of R Zr does not require any previous calibration, normalisation or background subtraction.
Unfortunately, the splitting between the metal and oxide Ti-LMV Auger peak [14] cannot be resolved with the CMA used in the present study because of the higher kinetic energy of the Ti-LMV electrons. Similarly, the chemical shift of the V-L 2 M 2,3 M 2,3 peak in VO 2 relative to V metal peak position of about 2.6 eV [15] can not be resolved in the presented Auger spectra.
NEG oxide reduction monitored by an oxygen peak intensity decrease
The O-KLL peak intensity evolution is correlated with the Zr-MNV peak shape changes and can be used to distinguish NEG materials exhibiting different activation temperatures (see Figure 4 ). However, during NEG heating the detected O-KLL intensity value is not only determined by the oxygen diffusion into the NEG bulk but also by the rate of adsorption and/or desorption of oxygen containing molecules from or into the gas phase. For the determination of the onset temperature the oxygen peak intensity evolution is therefore less sensitive than Zr-MNV line shape changes. The completion temperature is obtained when the slope with which the O-KLL intensity decreases in a certain temperature interval becomes zero.
In Figure 9 it can be seen that on a clean NEG surface oxygen is effectively adsorbed from the residual gas. Since the amount of carbon on the surface remains at the same time rather unaffected, the oxygen increase seems to originate mainly from adsorbed H 2 O, rather than from CO and CO 2 .
The oxidation of most metals in a H 2 O (wet oxidation) stops after the formation of a very thin passive surface film, which is typically less than 0.2 nm thick [16] . Compared to such metals the wet oxidation of Zr is more efficient. It is reported [17] that an H 2 O exposure of 30 L (1 L ≡ 1.33 10 -4 Pa s) at room temperature produces a Zr oxide with a thickness of 1.3 nm. The H 2 O partial pressure in the analysis chamber has therefore an important influence on the amount of oxygen which is present on the NEG surface during activation.
NEG thin film coatings are developed for use in particle accelerator UHV systems, where the vacuum chamber is entirely NEG coated. The coating provides a high distributed pumping speed and reduces drastically vacuum chamber outgassing when the NEG becomes activated. As a consequence, the residual gas composition in an entirely NEG-coated chamber differs from that in an ordinary surface analysis UHV system. Therefore, the adsorption of H 2 O in the surface analysis instrument has at least partly to be regarded as an instrumental artefact.
Carbon peak intensity and shape variation during NEG activation
The NEG heat treatments in accelerator vacuum systems and in the analysis vacuum chamber differ strongly. NEG thin film activation in accelerator UHV chambers is carried out passively, i.e. during the bake-out of the NEG-coated vacuum chamber.
In the usual surface analysis systems the sample is brought in mechanical contact with a sample plate, which is for instance heated by radiation from a filament or by electron beam bombardment. This heater assembly represents a source of contaminants, which is absent in real applications of NEG.
A comparison between the C-KLL intensity evolution obtained using both heater assemblies a and b (see Figure 7) shows that there is a strong sample contamination by carbon originating from heater assembly a, regardless of the surface material of the mask that fixes the samples to the sample plate. The fact that this carbon contamination is observed when the sample heater is assembled in air but not when it is exposed to air without dismounting it, shows that the contamination is trapped between samples and mask. During subsequent in-situ heating the contaminant is partly deposited onto the sample surface. Provided that the mask is not dismounted again the contamination between mask and samples does not build up again during subsequent air exposure.
-9-
The sample surface contamination upon heating of assembly a might occur via two mechanisms. Either carbon is deposited onto the NEG surface by surface diffusion, or it can get onto the surface by adsorption of carbon containing molecules, which are desorbed from the sample holder into the gas phase. The fact that during the 120 °C heating of assembly a and b there is no significant difference in the CO, CO 2 and CH 4 partial pressures, indicates that the latter case can be excluded. Hence, the carbon contamination during the 120 °C heating cycle seems to reach the NEG surface via surface diffusion.
Characteristic C-KLL peak shape changes [18] are observed when adsorbed hydrocarbons are partly transformed into carbide. This transformation takes place during the dissolution of the oxide layer into the NEG bulk.
The C-KLL peak shape is not a useful criterion for the assessment of the degree of sample activation because the overall C-KLL shape is strongly influenced by the total amount of carbon initially present on the surface.
The occurrence of chlorine on the NEG surface
Surface segregation of impurity elements from the bulk to the surface is frequently observed during the AES analysis of unoxidised metals [16] and the segregation of chlorine to free surfaces in particular is reported for instance during annealing of zirconium [19] , titanium and vanadium [20] . In the present AES study the appearance of Cl upon heating was always related to the onset temperature for NEG activation.
Combined AES and sputter depth profiling measurements [16] have shown that on oxidised metals chlorine contamination is mainly present at the interface between the metal and the metal oxide, which seems to act as a diffusion barrier for Cl. Since the inelastic mean free path of the Cl-LMM electrons is a few tenth of a nanometer only, Cl can not be detected on air exposed NEG samples, where it is covered by the native oxide layer and by hydrocarbon and water contamination. When the surface contamination layer starts to be removed chlorine can segregate to the surface where it is easily detected by AES.
A glow discharge mass spectroscopy (GDMS) analysis of a non activated Ti-24, Zr-54, V-22 atomic per cent thin film showed the presence of about 50 ppm of chlorine in the volume of the coating and within the outermost 40 nm of the film about 1000 ppm of Cl were detected. This chlorine impurity may result from the extraction of Ti [21] , Zr [22] and V [23] from their ores by a chlorination process.
Cl detection limit in AES and XPS
It is striking that Cl surface segregation is almost generally reported in AES studies about thermal treatments of metals, whereas it is rarely mentioned in the corresponding XPS studies. Also in the present study of the NEG activation chlorine was easily detected by AES but not by XPS. In order to understand this discrepancy the sensitivity of AES and XPS for Cl in submonolayer coverage has been compared below.
With the assumption that the chlorine detected is present on the outermost surface monolayer (ML) only, the Cl-LMM intensity is directly proportional to the quantity of chlorine atoms on the surface. The maximum Cl intensity value which has been measured in the present study on TiZrV NEG coatings is about 700 and the minimum value at which the Cl peak can be distinguished from the noise level is about 30. Thus, assuming that 700 intensity units correspond with not more than 1 ML of Cl, the detection limit for Cl on the outermost surface for the AES measurements performed is below 0.05 ML.
Sensitivity factors for elements which are uniformly distributed in the analysis depth of electron spectroscopy can be found for instance in reference 24 and 25 for AES and XPS, respectively. The Cl sensitivity factors of both techniques are compared in Table 1 with the Zr sensitivity factors (Zr has been chosen for this comparison because most NEG materials are based on Zr). This comparison shows that the sensitivity for in depth distributed Cl relative to that for in depth distributed Zr is 13 times higher in AES than it is in XPS.
If the elements are homogeneously distributed in depth the respective AES and XPS intensities are proportional to the electron mean free path λ in the material analysed while the peak intensity of elements in the outermost surface layer is not influenced by λ. Therefore, it has been proposed [26] to divide sensitivity factors for in depth distributed elements by λ, in order to get a new set of sensitivity factors for submonolayer coverage.
The electron mean free path of the Cl 2p electrons excited by Mg K α radiation is about 2.5 times larger than that of the Cl-LMM electrons [27] . Therefore, the factor of 13 obtained above has to be multiplied by 2.5 in order to consider the difference between bulk sensitivity and ML sensitivity for chlorine in AES and XPS. Hence, the sensitivity for chlorine in submonolayer coverage relative to that for in depth distributed zirconium is for AES about 33 times higher than for XPS.
The detection limit of the performed XPS measurements for Cl on top of Zr is thus in the order of 1 ML, since the signal to noise ratio for Zr in the spectra acquired by AES and XPS is similar. Of course the Cl sensitivity depends on the instrument and experimental parameters used but from above considerations it is clear that by XPS the detection of Cl in submonolayer coverage is difficult.
CONCLUSION
Auger electron spectroscopy is a useful technique for monitoring the NEG activation process. However, the direct applicability of the surface analysis results is restricted by the following instrumental artefacts.
! The amount of oxygen detected during the activation of a NEG is strongly influenced by the H 2 O partial pressure in the analysis chamber. ! The C-KLL peak intensity increase upon heating is the result of sample contamination originating from the sample holder assembly. This artefact can be minimised using an optimised sample holder design. ! The PE irradiation has a strong influence on the peak intensities. The effect on the Cl-LMM signal is particularly strong when the AES measurements are carried out on hot surfaces. In addition PE irradiation reduces the metal oxides and stimulates the adsorption of carbon. The appearance of chlorine on the sample surface is the result of surface segregation and is regarded as an intrinsic property of the NEG material. AES is extremely sensitive to Cl and fractions of a ML of Cl can be easily detected while using XPS it is difficult to detect Cl in submonolayer coverage. Influence of residual gas exposure on the surface composition of an in-situ sputtercleaned Zr thin film. The O-KLL peak intensity increases strongly with residual gas exposure time, while the C-KLL intensity increases only during the first 3 min exposure and remains then almost constant. A comparison between the sensitivity of XPS and AES for Cl in submonolayer coverage relative to the sensitivity of the same techniques for bulk Zr. For XPS and AES the in depth sensitivity factors [24, 25] are relative to the sensitivity of F 1s and Cl-LMM, respectively. The ratio λ 1049eV /λ 181eV is estimated from the 'universal curve' of Seah and Dench [27] .
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